The resin infusion is a manufacturing technology usually applied to produce structures made of composite materials widely employed in automotive, marine and aerospace industries. This process consists on the injection of a polymeric resin in a closed mold composed of porous medium and non-porous channels, which facilitates the resin propagation along the mold domain. The main purpose here is to show that Constructal Design can be applied to guide the design of this kind of process. More precisely, it is investigated the influence of geometry of a two dimensional resin flow in I and T-shaped nonporous channels intruded into a rectangular plate composed of a porous medium over resin time injection along all domain, mimicking an infusion process. The I-shaped channel has one Degree of Freedom (DOF) while T-shaped channel has three DOFs. The other degree of freedom for both problems is the ratio between the height and length of the porous plate. For all simulations the ratio between the channel and plate volume is constant ( = 0.05). The conservation equations of mass and momentum for the resin-air mixture and one equation for transport of volumetric fraction of resin are solved with the Finite Volume Method (FVM). The interaction between the phases is treated with the method Volume of Fluid (VOF) and resistance of porous medium is taken into account with Darcy's law. Results showed that Constructal Design improves nearly 140 % and 139 % in resin time injection for I and T-shaped channels without formation of voids inside the plate domain. The best shape achieved with I-shaped channel is that one with higher penetration into the porous plate, as expected. However, for T-shaped channel an intermediate configuration led to the best results, contrarily to what was noticed for previous studies of cavities where the best shapes are obtained when the simple and bifurcated branches have the highest penetration inside the high resistance domain.
INTRODUCTION
The employment of composite materials in several applications in automotive, marine and aerospace fields has grown significantly due to several advantages of these materials. For instance, it can be mentioned the high strength, low density, excellent corrosion resistance and low cost of maintainance of composites. In this sense, several industrial techniques have been developed for the manufacturing of composite materials. Among them, liquid composite molding processes (LCM) such as resin transfer molding (RTM), light resin transfer molding (LRTM) and liquid resin infusion (LRI) processes have been widely applied to produce several components [1, 2, 3, 4] .
Liquid resin infusion (LRI) processes are promising manufacturing routes to produce large, thick, and complex structural parts and consists on the injection of a polymeric resin in a closed mold composed of porous medium and nonporous channels, which make easier the resin propagation along the mold domain [5] . One of the main shortcomings of this kind of process is the difficult to control the mold filling step, mainly the resin front on small dimensions and complex geometries. As a consequence, several studies has been performed into the analytical, experimental and numerical framework in order to improve the comprehension about the resin flow in the infusion process [6] .
Into the numerical realm, Poodts et al. [1] developed and validated a finite element code (more precisely the PAM-RTM) of a ship runway through the definition of a standardized experiment for the characterization of the
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laminates to obtain reliable permeability data. Isoldi et al. [4] performed a numerical study of the resin flow in RTM applications with a numerical code which does not have a specific RTM module. In this study, several cases were numerically solved and compared with analytical, experimental and numerical results. Moreover, a new computational methodology was developed to simulate a Light Resin Transfer Molding (LRTM) process, which consists of the injection of the resin into a mold through an empty injection channel (without porous medium) where the resin flows around the perimeter of the mold. In spite of several numerical and experimental studies, none has been seen about the evaluation of the influence of geometry over the resin flow in the infusion process. The sole exception found by the authors is the work of [7] where Constructal Design was employed to evaluate the effect of the non-fibrous geometry over the injection time of an Light Resin Transfer Molding (LRTM) manufacturing process.
It is worth to mention that in the industrial field, trial and error approach is usually employed for the definition of nonporous channels locations, which can led to high time of injections and failure during early stages of production of a new component. In this sense, Constructal Design is recommended for rationalization of design in this kind of manufacturing process. Constructal Design is the method used to evaluate geometries in every flux systems based on objectives and constraints. The physical principle used to explain the generation and evolution of design (configuration, shape, structure, pattern, rhythm) unifying animate and inanimate flux systems is the Constructal Law [8] . Constructal Law states that if a system has freedom to morph, it develops in time the flow architecture that provides easier access to the currents that flow through it [8, 9, 10] . Constructal Law has been employed to explain deterministically the generation of shape and structure in nature, for instance, in the formation of global circulation and climate [11] , design of human and animals movement [12] . Moreover, it can be used as an powerful tool for evaluation of patterns evolution in urban design, traffic, transportation, social dynamics [13] , economy and in many engineering problems, such as: design of electronics, fuel cells, turbines, wave energy, mechanic of materials, refrigeration, fundamental problems of heat transfer (specially cavities intruded into conductive walls and fins) and rationalization of renewable energy sources [14, 15, 16, 17, 18, 19, 20] . Therefore, Constructal Law can be considered as the unifying principle of design for every flow system.
The present work aims to employ Constructal Design to guide the design of a resin infusion process. More precisely, it is investigated the influence of geometry of a two dimensional resin flow in I and T-shaped non-porous channels intruded into a rectangular plate composed of a porous medium over resin time injection along all domain. This resin flow simulation mimicks the infusion process. The I-shaped channel has the ratio H0/L0 (ratio between the thickness and length of the non-porous channel) as Degree of Freedom (DOF), while the T-shaped channel has three DOFs: H0/L0 (ratio between the thickness and length of the tributary channel), H1/L1 (ratio between the length and thickness of bifurcated channels) and L0/L1 (ratio between the thicknesses of tributary and bifurcated channels). For all simulations the ratio between the channel and plate volume is constant ( = 0.05). The conservation equations of mass and momentum for the resin-air mixture and one equation for transport of volumetric fraction of resin are solved with the Finite Volume Method (FVM) [21, 22] . The interaction between the phases is treated with the method Volume of Fluid (VOF) and the resistance of the porous medium is taken into account with Darcy's Law. More precisely, the simulations are performed using the Computational Fluid Dynamics code FLUENT [23] .
MATHEMATICAL AND NUMERICAL MODELING
In the resin infusion process, resin flows through a fibrous reinforcement which can be modelled as a porous medium. Therefore, this flow can be assumed to follow the Darcy's Law, which states that the flow rate of resin per unit area is proportional to the pressure gradient and inversely proportional to the resin viscosity [24] . The mathematical equation for this phenomenon is given by:
where Vi is the velocity vector,  is the viscosity of the resin, Kij is the permeability tensor of the fiber reinforcement,  is the gradient operator, P is the pressure and the indexes i, j = 1, 2, 3 represent the x, y and z directions, respectively. Considering resin with constant physical properties and as an incompressible fluid, the mass conservation equation can be stated as:
In the VOF method, the momentum, continuity and volume fraction transport equations must be solved simultaneously. In this work, the VOF solution is obtained with the FLUENT ® software -a general CFD (Computational Fluid Dynamic) package based on the Finite Volume Method (FVM) which includes a VOF module for the solution of problems with two or more immiscible fluids where the position of the interface between the fluids is of interest [23] . A single set of momentum equations is applied to all fluids, and the volume fraction of each fluid in every computational cell is tracked throughout the domain [4] .
For the LRI simulation, the two phases involved in the problem are the resin (liquid phase) and the air (gaseous phase). Thus, the model is composed of the continuity equation, given by:
the equation for the resin volume fraction f , defined by:
fV t (4) and the momentum equation, given by:
being  the density, t the time, τij the stress tensor, gi the gravitational acceleration vector and Fi an external force vector. In the present model, porous media are modeled by S102 adding a source term to the standard momentum equations such as:
PROBLEM DESCRIPTION
The analysed problem consists of a transient, laminar, twodimensional resin flow in a porous medium, as illustrated in Figs. 1(a) and 1(b) for I and T-shaped channels, respectively. In order to simulate the liquid resin infusion process, channels without porous medium are inserted along the domain with porous medium to facilitate the resin impregnation along all the mold. In Figs. 1(a) and 1(b) these channels are represented in the dark gray region, while the porous region is represented with light gray. In both cases, the flow is caused by the imposition of a pressure difference between the inlet of resin (lower region of non-porous channel) and the outlet region (upper surface of the porous medium). It is considered an inlet pressure of Pin = 1.0  10 5 Pa and at the outlet it is imposed a pressure of Pout = 0 Pa. For the other surfaces (with dashed lines) the non-slip and impermeability boundary condition is imposed (v1 = v2 = 0 m/s). Concerning the thermophysical properties of the resin it is considered a density of  = 916 kg/m³ and a dynamical viscosity of  = 0.06 Pa.s. For the porous medium it is considered a permeability of k = 3.010 -10 m² and porosity of  = 0.88. For non-porous medium it is considered a permeability of k1 = 9.9910 9 m² and a porosity of 1 = 0.0. The problem with Ishaped channel is subjected to two constraints, the porous rectangular area:  A HL (7) and the non-porous channel area:
For the T-shaped channel problem, the rectangular porous area is also maintained constant and it is given by Eq. (7) . The other constraint is the non-porous T-shaped channel area, which is given by:
The problem for the I-shaped channel has two degrees of freedom: H/L and H0/L0, while the problem for the T-shaped channel has three degrees of freedom: H0/L0, H1/L1 and L0/L1. For the numerical simulation of the conservation equations of mass and momentum, a commercial code based on the Finite Volume Method (FVM) is employed [23] . The solver is pressure-based and all simulations were performed by upwind and PRESTO for spatial discretizations of momentum and pressure, respectively. The velocity-pressure coupling is performed by the PISO method, while the GEO-RECONSTRUCTION method is employed to tackle with the volumetric fraction. Moreover, under-relaxation factors of 0.3 and 0.7 are imposed for the conservation equations of continuity and momentum, respectively. More details concerned with the numerical methodology can be obtained in the works [21, 22] .
The numerical simulations were performed using a computer with two dual-core Intel processors with 2.67 GHz clock and 8 GB ram memory. It is used Message Passing Interface (MPI) for parallelization. For the temporal discretization it is employed a time-step of Δt = 1.0×10 -3 s. Concerning the spatial discretization, the domain was shared in several rectangular finite volumes and a grid independence test was performed to define the refinement employed for all simulations. Table 1 shows the number of volumes, the time injection for mold filling and the processing time required to perform the simulations for each evaluated grid for an Ishaped non-porous channel with H/L = 1.0 and H0/L0 = 0.25. When the difference between the results obtained with two successive grids was lower than 1.0 %, it is considered that S103 In order to evaluate the numerical methodology employed here, the time for filling of porous medium with resin obtained here for a simplified case and that achieved analytically for a rectilinear flow predicted in previous works of literature [4, 7, 25 ] are compared. The simplified case consists on a resin flow in an I-shaped non-porous channel with high magnitude for the ratio H0/L0, in such way that H0 = L. The purpose is to simulate with the present numerical model a rectilinear case. An analytic solution for the placement of resin front line as function of time is given by [25] :
where K is the permeability in rectilinear direction, P0 is the injection pressure, t is the time of resin advancement,  is the dynamic viscosity and  is the porosity in the porous medium.
For achievement of numerical results, a monitoring line is created in the center of domain, more precisely it is a line that overlaps the y-axis. The line was defined by the following points: P1 (x1 = 0.3 m, y1 = 0.0256 m) and P2 (x2 = 0.3 m, y2 = 0.75 m). The coordinate x1 = x2 represents the center of domain in x-direction, while y1 represents the placement of interface between non-porous channel and porous medium and y2 represents the exit of channel. Figure 2 shows the placement of resin front line as function of time predicted numerically with the method used here and that one predicted analytically in the literature. As can be seen, results showed an excellent agreement, verifying the method used in the present work.
RESULTS DISCUSSION
For the achievement of a well succeeded molding it is necessary to eliminate completely the residual air inside the porous medium. The formation of micro voids due to partial impregnation of resin inside the fibrous reinforcement can led to failure of final product. In this sense, together with the time injection of resin inside the domain it is also required that permanent voids do not occurs inside the plate domain.
To obtain the injection time, it is created a monitoring line defined by the following points: P1 (x1 = 0.0 m, y1 = 0.5 m) and P2 (x2 = 0.6 m, y2 = 0.5 m). When the resin flow crosses completely the monitoring line, i.e., when the volume fraction along the whole line is f = 1.0, it is considered that the infusion process is finished. It is also considered a few space of 0.05 m in both sides of the fibrous mold with the purpose to prevent the formation of voids in the region of the plate which will be used in future applications. To evaluate the influence of the I-shaped channel intruded into the porous rectangular plate over the time injection of resin in the mold, several simulations with different ratios of H0/L0 are performed. In all cases, the channel fraction area was kept constant ( = 0.05). Figure 3 shows the effect of ratio H0/L0 over the resin molding time injection along all domain. It can be noticed that the decrease of H0/L0 leads to a decrease of resin injection time (t), i.e., when the channel has the highest penetration inside the porous domain towards the outlet region. The once optimized ratio of H0/L0 is obtained for (H0/L0)o = 0.0625 and leads to an once minimized resin time injection of tm = 88.8 s. On the opposite, the highest ratio of H0/L0 (H0/L0 = 2.0) leads to the worst performance with a resin infusion time of t = 214.3 s, which represents a fluid dynamic performance 140 % inferior than that achieved for the best shape.
In order to illustrate the influence of the I-shaped channel over the behavior of resin flow inside the domain the resin volume fraction along the domain is presented for two different time steps in Fig. 4 It can be observed that for the highest ratios of H0/L0 the resin tends to flow from the lower to the higher region of porous domain. In the beginning of the process for the case with H0/L0 = 2.0, the resin flows in radial direction forming a geometry similar to an ellipse with higher semi-axis in x-direction than in y-direction. As the process goes on, the resin front line flows toward superior region of porous S104 medium. Moreover, the front line is more advanced in central region than near lateral surfaces of the porous rectangular plate due to non-slip condition in the lateral surfaces and by the need to filling lower corners of the porous medium with resin. As the ratio of H0/L0 decreases to H0/L0 = 0.125 and 0.0625 the resin intrudes into the porous medium in a placement nearer to the outlet section of domain than for the cases with the highest ratios of H0/L0. Other interesting observation is that in the lateral regions of the porous medium, the resin flows almost rectilinear from the lateral surface of non-porous medium toward the lateral surfaces of the porous rectangular domain. The physical mechanism for this difference is concerned with the most uniform distribution of the resin flow inside the domain for elongated channels, i.e., according to Constructal Principle of Optimal Distribution of Imperfections. For the T-shaped channel, it is first evaluated the effect of the ratio H1/L1 over the resin time injection for constant ratios of H/L = 1.0, H0/L0 = 0.8 and L0/L1 = 1.25, as depicted in Fig.  6 . The parameters imposed led to a formation of T-shaped channel flow restricted in the lower region of the cavity. In Fig. 6 can be noticed that there is one intermediate global optimal geometry. For this case, the optimal shape is obtained for (H1/L1)o = 10.0. This geometry leads to an once minimized time injection of tm = 165.5 s, which is nearly 12 % and 18 % lower than that obtained for the lowest and highest ratios of H1/L1 evaluated here. It is worthy to mention that, the lowest ratios of H1/L1 represent T-shaped channels that tend to Ishaped shapes. In the present problem, the increase of the bifurcated channel lengths leads to formation of micro voids spread along the plate. Most of voids are formed in the corner of T-channel when the resin flow changes from the single channel to the bifurcated channel and few vortex re generated. This vortex generation represents new irreversibilities of the system and demand the injection of more resin at the inlet to eliminate the generated voids. As a consequence, the resin injection time increases substantially for the highest magnitudes of H1/L1. In order to illustrate this behavior Fig. 7 shows the resin flow inside the mold at instant of time t = 50.0 s for two different T-shaped channels: H1/L1 = 1.5 ( Fig. 7(a) ) and (H1/L1)o = 10.0 ( Fig. 7(b) ). For the lowest ratio of H1/L1, the formation of voids is not observed, while for the optimal ratio the generation of few voids can be noticed. For the optimal case showed here, the injection of more resin in the inlet removes the few generated voids noticed in Fig. 7(b) . However, there are cases where the generated voids are permanent and cannot be removed and the manufactured peace must not be used. In this sense, it is considered here an infinite resin time injection. One example can be seen in (Fig. 8(a) ) and t = 60.0 s (Fig. 8(b) ). In a general sense, it is observed that the injection time is minimized when the single channel has a higher penetration into the porous medium. So, three new different ratios of H0/L0 are tested and the resin time injection is obtained, as illustrated in Fig. 9 . It can be seen that when the single channel has a higher penetration into the porous medium, the resin time injection decreases. It is also observed that the effect of H1/L1 over (t) also changes for different values of H0/L0. The best shape obtained for (H1/L1)o = 8.0 leads to a tm = 76.0 s, which is nearly 17 % better than the best I-shaped channel and 139 % higher than the worst T-shaped channel. It can also be seen in Fig. 9 that for the ratio H0/L0 = 0.05, the time required for resin pass completely by the monitoring line is lower than the other evaluated cases (H0/L0 = 0.075 and 0.1). In spite of this fact, for every cases with H0/L0 = 0.05, permanent voids are generated, which make impossible the S106 future use of the generated peace. In other words, the resin impregnation inside the whole domain is the most important parameter and must be taken into account for design in LRI process. It can also be noticed that the effect of the ratio H1/L1 over the time of infusion, as well as the optimal shapes, changed with different ratios of H0/L0 and L0/L1 evaluated, showing that these DOFs deserves future investigations. 
CONCLUSIONS
In the present work Constructal Design was applied to guide the design of a liquid resin infusion process. More precisely, it was investigated the influence of geometry of a two dimensional resin flow in I and T-shaped non-porous channels intruded into a rectangular plate composed of a porous medium over resin time injection along the domain. The I-and T-shaped channels have one and three DOFs, respectively. For all simulations the ratio between the channel and plate volume was constant ( = 0.05). The conservation equations of mass and momentum for the resin-air mixture and one equation for transport of volumetric fraction of resin were solved with the Finite Volume Method (FVM). The interaction between the phases was treated with the method Volume of Fluid (VOF) and resistance of porous medium is taken into account with Darcy's law.
Results showed the importance of employment of Constructal Design for minimization of time resin injection into the porous medium. The best shapes found for I and Tshaped channels were nearly 140 % and 139 % better than the worst shape for each configuration. The best shape achieved with I-shaped channel was that one with the higher penetration into the porous plate, as expected. However, for T-shaped channels intermediate configurations led to the best results, contrarily to what was noticed for previous studies of cavities intruded into conducting solid walls. This difference is caused by the generation of irreversibilities mainly generated by the resin flow from the single channel to the bifurcated channel. Moreover, some geometries led to formation of permanent voids inside the domain which unfeasible the future employment of fabricated peace. Results also showed that the investigation of ratios H0/L0 and L0/L1 simultaneously can improve even more the performance of the T-shaped channel studied in this problem.
